In order to raise the Higgs mass to 125 GeV and relieve the fine-tuning associated with the heavy s-top mass in the minimal supersymmetric standard model (MSSM), we propose a new singlet extension of the MSSM. In this scenario, the additional Higgs mass is radiatively generated in a hidden sector, and the effect is transmitted to the Higgs through a messenger field. The Higgs mass can be efficiently increased by the parameters of the superpotential as in the extra matter scenario, but free from the constraints on extra colored matter fields by the LHC experiments.
I. INTRODUCTION
maximal mixing, the enhancement effect drops rapidly. Employing a large mixing oft L -t R , hence, would be a kind of fine-tuning in this sense. Throughout this paper, we will not consider such a mixing effect.
Extra Matter: In order to efficiently enhance the radiative correction, one might introduce the fourth family of chiral matter or extra vectorlike matter [6, 7] . In the case of the fourth family of the chiral matter, the top quark Yukawa coupling and also the top quark mass in Eq. (1) are replaced by the unknown parameters, which can be utilized to enhance the Higgs mass. Since such SUSY parameters appear outside the logarithmic function, they can efficiently increase the Higgs mass unlike the s-top mass squared in the MSSM. However, the presence of extra colored particles coupled to the Higgs with order-one Yukawa couplings would exceedingly affect the production rate and also decay rate of the Higgs at the large hadron collider (LHC), i.e. gg → h and h → γγ: they result in immoderate deviation from the LHC data. According to Ref. [8] , indeed, the existence of such an extra family of the chiral matter is excluded at the 99.9% confidence level for the Higgs mass of 125 GeV.
In the case of extra vectorlike matter, in which a Yukawa coupling of order unity with the Higgs is still necessary for lifting the Higgs mass, the LHC bound could be avoided by employing heavy enough mass terms for vectorlike fields. However, the tuning problem associated with the naturalness of the Higgs mass becomes serious with the high scale mass parameters.
1 Moreover, the extra vectorlike matter should compose the SU(5) or SO (10) multiplets to protect the gauge coupling unification. If the low energy effective theory is not embedded in four-dimensional SU(5) or SO(10) GUTs but in other unified theory defined in higher dimensional spacetime like string theory [4] , we need to explore other possibilities to explain the 125 GeV Higgs mass.
NMSSM:
In the next-to-minimal supersymmetric standard model (NMSSM), the Higgs mass can be raised by the tree-level correction of the Higgs potential [10] [11] [12] . In the NMSSM, the MSSM µ term is promoted to a renormalizable trilinear term SH u H d in the superpotential, introducing an extra singlet superfield S together with a dimensionless coupling λ.
The presence of such a trilinear term in the superpotential provides the quartic coupling to the Higgs potential as well as a solution to the µ problem through the gravity mediated SUSY breaking scenario. By the quartic Higgs potential coming from λSH u H d in the super-if the dimensionless Yukawa coupling λ is sizable. In order to maintain the perturbativity of the model up to the GUT scale, however, λ is known to be smaller than 0.7 at the EW scale ("Landau pole constraint") [10] . Moreover, to achieve the Higgs mass of 125 GeV with the s-top mass much lighter than 1 TeV, which is necessary for the naturalness of the Higgs, λ needs to be larger than 0.5. Requiring both the perturbativity and the naturalness, thus, the allowed range of λ should be quite limited: 0.5 λ 0.7.
The relatively small λ pushes tanβ to the smaller values for the 125 GeV Higgs mass:
which gives almost the maximal values to sin 2 2β in Eq. (7) .
Radiative Correction by MSSM Singlets: Recently, the authors of Ref. [9] proposed a scenario in which the Higgs mass is raised through radiative corrections by some MSSM singlet fields. In this case, the Higgs mass can be efficiently lifted by using the parameters of the superpotential just like the extra matter case, but the LHC constraint can be avoided because only MSSM singlets are employed. In Ref. [9] , it was shown that the parameter space of tanβ and the trilinear coupling of "SH u H d " (≡ y H ) in the superpotential to explain the 125 GeV Higgs mass can be remarkably enlarged by extending the NMSSM with some other MSSM singlets, compared to the original form of the NMSSM: 0.2 y H 0.5 and 3 tanβ 10 can be also consistent with the Higgs mass of 125 GeV even without the mixing effect.
Since the Higgs mass is radiatively generated from a hidden sector and then it is transmitted to the Higgs sector through a mediation by a messenger in this scenario, the fine-tuning problem can be quite alleviated by taking low scale messenger and mass parameters. In this paper, we will particularly discuss how much the fine-tuning in the Higgs sector can be relieved in this setup. This paper is organized as follows. In section II, our basic setup will be introduced. In section III, the effective Higgs potential will be calculated in our setup. In section IV, we will discuss how to achieve the 125 GeV Higgs mass and minimize the tuning. In section V, we will briefly discuss how to enhance the diphoton decay rate of the Higgs in our framework. In section VI, we will propose a UV model. Section VII will be devoted to the conclusion.
II. A SINGLET EXTENSION OF THE MSSM
In this paper, we will pursue the naturalness of the model rather than its minimality. Introducing the MSSM singlet superfields {S, S c } and {N, N c }, we extend the MSSM Higgs sector in the superpotential as follows:
where {H u , H d } denote the two MSSM Higgs doublets. 2 For simplicity, we assume that the parameters in Eq. (10) are all real. Since the µ and µ S,N terms are explicitly present, there remains no Pecci-Quinn (PQ) symmetry at the EW scale. Apart from the MSSM µ term, the trilinear term SH u H d a la the NMSSM is introduced in Eq. (10) [13, 14] . Equation (10) should be regarded as a low energy effective superpotential, which is embedded in a UV superpotential with more (global) symmetries. As a result of symmetry breaking in the UV theory, Eq. (10) can be deduced. Otherwise, including the tadpole terms of the singlets S and S c , all the powers of them had to appear in the superpotential for the consistency, since S and S c cannot carry any quantum numbers only with Eq. (10).
Moreover, a gauge-and global-symmetry singlet is known to destabilize the gauge hierarchy, provided it has renormalizable couplings to the visible fields [15, 16] . How Eq. (10) can be generated from a UV superpotential, under which the singlets S, S c carry (global) charges, will be discussed in section VI. {S, S c } are the messenger fields, which connect the Higgs {H u , H d } and the hidden sector fields {N, N c }. Note that the "messenger" and "hidden sector" here do not necessarily mean the conventional ones appearing in various SUSY breaking scenarios. The hidden gauge interaction is not confining here: it is assumed to remain perturbative down to the EW scale. We only require the mass splitting between the bosonic and fermionic modes in the hidden sector superfields {N, N c } such that they eventually generate the radiative correction of the Higgs mass. Such an effect can be transmitted to the Higgs via the messengers {S, S c } as will be seen later. {N, N c } form a vectorlike n-dimensional representation of a certain hidden gauge group. They could remain light down to low energies due to global symmetries. µ S,N terms are the Dirac type bare mass terms of the messengers and hidden sector fields. µ S,N are assumed to be larger than 300 GeV. Thus, the squared masses of { S, S c } and { N, N c }, which are the scalar components of {S, S c } and {N, N c }, respectively, are quite heavier than that of the lightest Higgs. Since µ S and µ N both are much larger than the Higgs mass, there is no "singlet-ino" (the fermionic components of singlet superfields) 2 If we should seriously accept the recently observed excess of the diphoton decay rate of the Higgs [1, 2] , we need to slightly modify this model. In section V, we will assign also electromagnetic charges to {N, N c } just for the explanation of the excess under the assumption that the diphoton decay rate of the Higgs will not approach to the SM prediction even with more data. In other sections, however, we will ignore the diphoton excess and so regard {N, N c } as neutral fields under the SM. Since y H is relatively small and µ S is quite heavier than the Higgs mass, the tree-level correction by {S, S c } to the Higgs potential is expected to be suppressed. Moreover, the mixing angles between the Higgs and the singlet sectors would be negligible. In Ref. [9] , however, it was shown that even with relatively small y H (0.2-0.5), the Higgs mass of 125 GeV can be achieved through the large radiative correction if a relatively larger y N compensates the smallness of y H . With small enough y H the soft mass squared of S, m 2 S does not run much with energy at one-loop level. On the other hand, y N is of order unity, and so m heavier than other soft masses at low energies. For simplicity of the future calculation, but considering the RG behaviors, we assume a hierarchy among the mass parameters at low 3 The renormalization group equations of the hidden gauge coupling g and y N are
where t parametrizes the energy scale, t 0 − t = log(Λ UV /µ). For SU(N ) H hidden gauge group, the beta function coefficient b
is determined by matter contents of the hidden sector.
energies (below the scale of µ S ):
where m 3/2 collectively denotes typical soft parameters except m S and m S c . Although m S c is the smallest, the scalar component of S c is still much heavier than the Higgs because its physical mass squared is given by µ
III. THE EFFECTIVE HIGGS POTENTIAL
Let us first integrate out the quantum fluctuations of {N, N c }. Due to the mass difference between the bosonic and fermionic components in {N, N c }, the one-loop effective potential of S c is generated [17] :
where Λ denotes a renormalization mass scale. As will be discussed later, Λ will be chosen to be µ S , which is about one half of µ N in our case, since all the extra singlets {S, S c } and 
Thus, ∆V in Eq. (13) depends only on S c . Note that the hidden gauge sector is not involved in generating the effective potential of S c at one-loop level, Eq. (13).
Including the soft terms and the one-loop effective potential obtained after integrating out {N, N c }, ∆V ( S c ), the scalar potential associated with the superpotential Eq. (10) is derived as follows:
where B µ , B S , and A S denote the soft SUSY breaking "B" and "A" parameters. Here we set N = N c = 0 for such heavy scalars, which fulfill all the extremum conditions of the scalar potential. Now let us integrate out { S, S c }, which are heavier than {H u , H d }. The equations of motion in the static limit for { S, S c } are
Considering the hierarchy suggested in Eq. (12), the approximate solutions to Eq. (16) are given by
where the terms proportional to m S c and µ are ignored due to their relative smallness in Eq. (12), and ǫ 1 and ǫ 2 are defined as
respectively. Inserting the expressions of the heavy fields in Eq. (17) into the scalar potential V HS of Eq. (15), one can obtain the low energy effective Higgs potential:
which is valid below the mass scale of { S, S c }. Here we dropped the two-loop effects coming (15) is canceled out, and so as seen from Eq. (19), the tree-level corrections remain quite suppressed by heavy mass parameters. As will be seen later, however, the one-loop correction ∆V (H) can be relatively large since it originates from other sector rather than the MSSM. From now on, we will focus on the radiative correction, even if the tree-level quartic terms might be helpful for raising the Higgs mass in other parameter space violating Eq. (12). The one-loop correction ∆V (H) in Eq. (19) is just given by Eq. (13), but the M N in its expression should be replaced by using Eq. (17) .
. We ignored the imaginary components of them. Thus, the expression of ∆V (H) here is exactly the same as that of Ref. [9] . In Ref. [9] , {N, N c } are integrated out after {S, S c }. As pointed out in
Ref. [9] , however, the result should be insensitive to the sequence of the decouplings, since the mass scales of {N, N c } and {S, S c } are not much hierarchical.
We note that the similarity between the one-loop effective potential of Eq. (13) with Eq. (20) and that of the footnote 1 in Introduction, which is the radiative Higgs potential for a simple case of extra vectorlike matter. Accordingly, one can expect that the Higgs mass is raised in our case through a similar way to the case of extra vectorlike matter. The most important difference between these two scenarios is that the fields circulating along the loops are MSSM singlets in our case, while they are charged fields under the SM in the extra vectorlike matter case. In our case, lower scale mass parameters can be taken for e.g. alleviating the tuning problem, but the LHC constraint on the extra colored particles can be avoided unlike the extra vectorlike matter case.
In fact, the Coleman-Weinberg's one-loop effective potential, ∆V ( S c ) of Eq. (13) However, this possibility is more suppressed due to the hierarchical mass relation in Eq. (12) . In this scenario, a nonzero radiative correction to the Higgs mass squared is generated by the mass splitting of {N, N c } in the hidden sector. The hidden sector in this model, thus, plays the role of a mass generation sector of the Higgs. As seen in FIG. 2-(b) , the nonzero mass effect is transmitted to the Higgs through the messenger S c , which is actually a mediator of the Higgs mass effect. The Higgs mass term generated in this way can be meaningful only below the mass scale of S c (≈ µ S ), because it can be regarded as a local operator below the scale of µ S . Since S c is a particle integrated out in the effective potential, its mass (≈ µ S ) cannot be taken lighter than the mass of the Higgs, which is the particle of the external legs in the relevant diagrams, satisfying the classical equation of motion. The radiative correction ∆V (H) given with Eqs. (13) and (20) can be expanded in powers of h u and h d as follows:
where the coefficients, ∆V It is because Eq. (10) might not be fully general in view of the symmetry. As mentioned in section II, however, Eq. (10) should be regarded as a low energy effective superpotential, and so its form is completely determined by a UV model embedding it. We will propose a UV model in section VI. 
Note that the coefficients of 
Since S c plays the role of the messenger relating {H u , H d } and {N, N c }, the mass scale of S c (≈ µ S ) is the messenger scale for inducing ∆m 
In order to avoid a fine-tuning among the parameters, 2∆m (21), which renormalizes the ( m
Eq. (19), originates from a quadratic term included in ∆V ( S c ) in Eq. (13),
which contributes to renormalization of the tree-level soft mass term, m role of λ 2 of the NMSSM. Since we saw that the Higgs mass correction to the lightest Higgs mass in the NMSSM is given by λ 2 × (v H sin2β) 2 in Eq. (7), we can readily get the radiative correction ∆m 2 h in our case:
Note that µ S originates from the propagator of S c in the diagram, while µ N from the mass insertion. Thus, the mass term correction by ∆m 
Due to the hierarchy Eq. (12), the classical correction is suppressed.
As shown in Ref. [9] , the Higgs mass of 125 GeV can be explained with Eqs. (28) or (27) in the parameter space, 0.2 y H 0.7 or 3 tanβ 10,
without the mixing effect, if the soft mass of the s-top is around 500 GeV [or ∆m
. Thus, even 0.2 y H 0.5 or 3 tanβ 10, which is the excluded region in the NMSSM, can still be consistent with the 125 GeV Higgs mass, when the radiative correction of the Higgs mass is supported by the MSSM singlet fields.
For the typical three classes,
, and µ S m N ≈ µ N (Case C), the radiative corrections in Eqs. (27) and (23) are approximated as follows:
In order to avoid a serious fine-tuning among the soft parameters in Eq. (24), ∆m
should not be too much larger than unity. From the above equations, it roughly means m N 2πv H ≈ 1 TeV. Hence, m N should be quite smaller than 1 TeV. In the next section, we will discuss this issue in more detail.
IV. 125 GEV HIGGS MASS WITH THE LEAST TUNING
In this section, we study the least tuning condition, under which the tuning in the Higgs sector is minimized for a given ∆m 2 h . For simple presentations, we parametrize the radiative corrections in Eqs. (27) and (23) as follows:
where R, r, and f 2 , g are defined as
For the parameters chosen for the explanation of the Higgs mass around 125 GeV, as mentioned above, a smaller ∆m 2 3 is more desirable to avoid a fine-tuning among the parameters in Eq. (23) . From now on, we will explore the conditions under which ∆m 2 3 can be minimized for a given ∆m 2 h and other parameters in the model. As seen from Eq. (33), R and r are related to each other for a given F . Accordingly, G depends only on r or R for a fixed F . Let us insert F into G, replacing r by R and F . For a given set of {∆m
thus, G is recast as
Provided that F is fixed, one can show that G is minimized at
where the small parameter ǫ F is estimated as
|ǫ F | is much smaller than unity in the most parameter range of F : |ǫ F | is smaller than 0.3 (0.1) for 0 < |F | < 0.16 or 0.59 < |F | (0 < |F | < 1.9 × 10 −3 or 1.08 < |F |). From Eq. (33), thus, r and G are determined when G minimized: In Eq. (38), G could be further minimized with a small F . Since ∆m 33) is minimized when sin 2 2β = 1 (or tanβ = 1):
For n = 5, (y H y N ) = 1, and ∆m In Case B, i.e. for µ N m N , 
V. DIPHOTON DECAY ENHANCEMENT
According to the reports by the CMS and ATLAS [1, 2] , they both have observed an excess in the Higgs production and decay to the diphoton channel, which is about 1.5 -2 times larger than the SM expectation. On the other hand, the ZZ and W W channels are quite compatible with the SM:
where V indicates Z or W . In fact, the excess at 8 TeV of the LHC slightly decreases compared to that for 7 TeV. However, if the large excess in the diphoton decay channel persists even after further more precise analyses with more data, one must seriously consider the possibility of the presence of new charged particles at low energies [19, 20] . where relic, unless the reheating temperature is very low, which is a disaster when they carry electromagnetic charges. To avoid it, we discuss two possibilities here. One could consider the possibility that N, N c condense by the strong hidden gauge interaction as the quarks in QCD. Then, only the neutral hadron would remain in our case, and it can decay to the two photons as the pion π 0 in QCD. In this case, M N in Eq. (46) should be replaced by 8π
where f N is the decay constant determined by confining of the hidden gauge interaction. Alternatively, if n = 1 and Q N = −2, the superpotential allows the interactions with the MSSM charged lepton singlets, N(e c ) 2 . Then, N, N c , and N, N c can decay eventually to e ± and the neutralinos before nucleosynthesis starts even without the assumption of the hidden confining gauge interaction.
VI. THE MODEL
As mentioned in section II, the superpotential Eq. (10) should be embedded in the superpotential of a UV model, which permits more global symmetries. The singlets S and S c should be charged under the global symmetries to avoid the tadpole problem associated with pure singlets [15, 16] . The global symmetries should be broken such that there is no remaining PQ symmetry at low energies, explaining the desired sizes of µ, µ S , and µ N in Eq. (10) . If the PQ symmetry is broken at the scale of m 3/2 M P (∼ 10 10 GeV), the tadpole problem could be avoided [14, 15] . The effective superpotential Eq. (10) can be deduced e.g. from the following UV Kähler potential and the superpotential:
where y H , y N , κ and λ i (i = 1, 2, 3) are dimensionless couplings, and M P denotes the reduced Planck mass (= 2.4 × 10 18 GeV). The Kähler potential and the superpotential Eq. (48) respect the global symmetry, U(1) R ×U(1) PQ . The global charges for the superfields are displayed in TABLE I. The F -component of the superfield X is assumed to develop a VEV of order m 3/2 M P , breaking SUSY. Thus, the µ S term of order m 3/2 in Eq. (10) can be generated from the Kähler potential Eq. (48) [21] . By the "A-term" corresponding to the λ 3 terms in Eq. (48) and the soft mass terms in the scalar potential, the VEVs of Σ 1,2 and Σ of order m 3/2 M P (∼ 10 10 GeV) are generated at the minimum [22] . From the λ 1,2 terms in Eq. (48), thus, "µ" in the MSSM, and also µ N in Eq. (10) , which are also of order m 3/2 [23] , are generated. The global symmetries are broken by the SUSY breaking effects: by the VEV of the F -component of X, the U(1) R symmetry is broken to Z 2 , which is identified with the matter parity in the MSSM, and due to the VEVs of {Σ 
VII. CONCLUSION
We proposed a new type of the singlet extension of the MSSM in order to raise the Higgs mass to 125 GeV with the alleviation of the tuning associated with the light Higgs mass. Apart from the (s-)top quark's contribution, the Higgs mass is radiatively generated in a hidden sector because of the mass splitting of hidden sector fields, and such an effect is transmitted to the Higgs sector through the mediation by the messenger field S c . Since the Higgs mass is raised by the superpotential parameters, lifting the Higgs mass is quite efficient as in the extra matter scenario. Unlike the extra matter scenario, however, our model is free from the constraint on extra colored particles with order-one Yukawa couplings to the Higgs, which is associated with the production and decay rates of the Higgs at the LHC [8] .
As shown in our previous paper [9] , the parameter space for 125 GeV Higgs mass can be enlarged compared to the original form of the NMSSM, and so even 0.2 y H 0.5 or 3 tanβ 10, which is excluded region in the NMSSM, can explain the 125 GeV Higgs mass with a relatively light s-top (∼ 500 GeV) but without considering the mixing effect. In this paper, we also particularly emphasized that the fine-tuning problem associated with the light Higgs mass can be remarkably mitigated by taking low enough messenger scale (≈ 300 GeV) and light enough mass parameters (≪ 1 TeV). We have explored the least tuning condition (µ N m N ), under which even the soft parameters much lighter than 500 GeV can explain the Higgs mass of 125 GeV without conflicting with the LHC experimental results. It is possible because the newly introduced particles are MSSM singlets.
Under the assumption that the observed excess of the diphoton decay rate of the Higgs over the SM expectation will persist, we also studied the way to enhance the diphoton decay rate in our framework. It turns out to be simply realized, only if the hidden sector fields in our model are converted to carry also electromagnetic charges. Thus, the mechanism of the Higgs mass enhancement and mitigating the fine-tuning can be closely related to the excess of the diphoton decay rate of the Higgs in our framework.
